A DISTINCT SET OF PHYSIOLOGICAL responses (e.g., elevated hemoglobin, ventilation, hypoxic pulmonary vasoconstriction) is elicited in most humans exposed to hypoxia. However, native Tibetans, whose ancestors first inhabited highland regions hundreds of generations ago, exhibit a unique combination of traits associated with their survival above 4,000 m that differs from closely related populations indigenous to low altitude (Han Chinese) and other high-altitude populations (Andean and Ethiopian natives). Compared with these populations, many Tibetans at high altitude maintain an elevated hypoxic ventilatory response and ventilation but have reduced hemoglobin concentration ([Hb]) (within the range expected at sea level), and a lower prevalence of pulmonary hypertension and chronic mountain sickness (1, 5, 11) .
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After the hypoxia inducible factor (HIF) pathway was discovered as a master switch for oxygen-sensitive gene regulation (8) , it was hypothesized that this pathway could underlie evolutionary changes in native highland groups resident at altitude. Recent work shows that the loss of polycythemia in Tibetans is in fact associated with putatively adaptive changes in HIF pathway genes (2, 4, 10, 13, 14) , including EPAS1, which encodes the HIF2-␣ transcription factor, and EGLN1, which encodes PHD2, an oxygen-regulated prolyl hydroxylase that targets HIF for degradation in normoxic conditions. These findings suggest that genetic changes, at least in part, underlie unique characteristics of Tibetan physiology at altitude.
The new work from Petousi et al. (6) provides insight into the genetics of HIF and the innate physiology of Tibetans in the absence of environmental hypoxia by studying adult male Tibetan and Han Chinese residents at sea level. [Hb] in Tibetans averaged 1.1 g/dl lower than Han Chinese, consistent with other studies that have shown lower [Hb] in Tibetan compared with Han Chinese residents at 2,664 m (1.2 g/dl) and 4,525 m (3 g/dl) above sea level (12) . Tibetans at sea level also had a lower pulmonary vascular response to acute hypoxia, but they exhibit an increased ventilatory drive in normoxia and similar ventilatory response to acute hypoxia compared with Han Chinese. The authors note that the Tibetan sea-level residents in this study were born and raised at altitude for at least 6 years, but recent evidence suggests that Tibetans' differences from Han Chinese have a genetic basis (2, 4, 10, 13, 14) or at least cannot be explained completely by developmental or epigenetic mechanisms.
Both Tibetans and Han Chinese showed similar increases in hypoxic ventilatory response, but pulmonary artery pressure increased less in response to hypoxia in Tibetans. Changes in cardiac output were not significantly different between the two groups, but future studies may be necessary to distinguish differences in hypoxic pulmonary vasoconstriction from flowinduced changes in pressure. Results at the cellular level paralleled the blunted pulmonary artery pressure response in Tibetans. In peripheral blood lymphocytes, which may not represent the behavior of cells in other tissues, EPAS1 and the hypoxic induction of four HIF-regulated genes examined in this study were downregulated in Tibetans vs. Han Chinese. The authors suggest these responses to hypoxia are indicative of a hyporesponsive HIF system in Tibetans.
To assess the relevance of within-Tibetan genetic factors, the authors examined two loci previously shown to exhibit both a strong signal of selection in Tibetan genomes and an association with lower [Hb] in their native environment (2, 10, 13, 14) . Although the average [Hb] in Han Chinese and Tibetans differed significantly at sea level, no relationship was observed between [Hb] and EPAS1 and EGLN1 putatively adaptive gene regions, possibly due to the lack of environmental stimulus (prolonged hypoxia), which would likely amplify phenotypic signal, and/or lack of power due to a modest sample size. A smaller rise in plasma erythropoietin upon exposure to hypoxia was associated with more copies of either a Tibetan-specific allele, consistent with associations of lower [Hb] and these putatively adaptive copies in Tibetans studied at high altitude.
Such associations both within and between populations raise interesting questions about mechanisms of selection and adaptation to the environment. For example, erythropoiesis and EPAS1 plus the subset of HIF-regulated genes examined here appear to be hyporesponsive in Tibetans. But it is not clear whether these differences result in hypoxic tolerance or are a response to less hypoxic stress as a result of other phenotypic targets of selection. The observation of both increased and decreased components of physiological O 2 transport in Tibetans is consistent with coordinated changes in adaptive genes and an integrative response to hypoxia at the organismic level via redundant or parallel pathways. The distinct collection of traits observed in Tibetan, Andean, and Ethiopian natives is also consistent with each group having unique genetic adaptations. One exception is the EGLN1 genomic region, reported as a selection candidate in both Andeans and Tibetans (3) and associated with [Hb] in the latter group. Whether the precise genetic changes and/or function converge, and how this is coordinated within each population's system, remains to be determined.
Defining genotype-phenotype relationships in high-altitude natives, studied both at altitude and sea level, in addition to comparative molecular studies in relevant tissues and cells, should help elucidate their distinct evolutionary paths. Although long-term studies and gene expression analyses in pertinent tissues are limited in human subjects, recent molecular developments, including use of induced pluripotent stem cells (iPS cells), provide promising alternatives to surrogate cell types typically used (in this case, peripheral blood lym-phocytes). Whereas Petousi et al. (6) examined four downstream HIF-targeted genes in this pathway, several hundreds exist and many genes in other pathways have been identified as likely targets of selection (3, 7, 9) . Large-scale studies (such as a hypoxia expression array), coupled with comprehensive physiological assessment and genetic analyses, will help elucidate the orchestrated mechanisms that underlie the present adaptive state in these unique populations. Such studies have potential clinical significance for human health as well, considering the role of hypoxemia in heart and lung disease, stroke, hypertension, and cancer.
